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FOREWORD 
The motivation for  the  research  reported  in  this document was to  estimate  the 
type of wind and turbulence  distributions which may have existed  at  the  time of the 
crash of Eastern  Airlines  Flight 66 on June 24, 1975, at  Kennedy International  Airport. 
Conditions that  afternoon  were  strongly  affected by the  passage of a thunderstorm  over 
the  area, The public hearing  held by the National Transportation Safety Board attri- 
buted the  accident to  severe wind shear.  To  specify  the  appropriate boundary conditions 
before  the  time of the  accident,  the  Aeronautical  Research  Associates of Princeton 
model of turbulence  in  the  atmospheric boundary layer was  used. The current 
operational mode of the model is limited  to  either unsteady  one-dimensional flow or 
to steady  two-dimensional flow parabolic  in one direction. The boundary conditions 
called for at the  top of the boundary layer  are the  velocity components and  the  poten- 
tial  temperature  gradient  as a function of time. The thunderstorm  in  progress while 
.Flight 66 was  attempting to land  caused  considerable  uncertainty as   to  the  upper 
boundary  conditions which should  be  applied to  the boundary layer  program.  For  this 
reason,  results  are given for  several different  boundary,  ambient, and thunderstorm 
conditions. The types of distributions which a re  compatible with the known meteoro- 
logical  conditions in  the  vicinity of Kennedy International  Airport on June 24, 1975', 
are  shown in terms of altitude  profiles  for  velocity,  temperature,  pressure, and 
macroscale  variation. Conclusions resulted  from  the study relative  to how consistent 
the model is with the known conditions a t  the  time of the  crash. 
This research was conducted by Aeronautical  Research  Associates of Princeton 
for the National Aeronautics  and Space Administration, George C. Marshall Space 
Flight  Center,  Huntsville,  Alabama, under the  technical  direction of Mr .  Dennis W. 
Camp and Mrs.  Margaret B. Alexander of the Space Sciences Laboratory. The support 
for  this work was  provided by Mr.  John Enders of the  Aeronautical  Operating  Systems 
Division, Office of Advanced Research and Technology, NASA Headquarters. 
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ESTIMATES OF THE LOW-LEVEL WIND SHEAR AND TURBULENCE 
IN  THE VICINITY OF KENNEDY INTERNA'I'IONAL AIRPORT ON JUNE 24, 1975 
W.S. Lewellen,  Guy G .  Will iamson,  and M.E. Teske 
SUMMARY 
A number o f  d i f f e r e n t  w ind  and  tu rbu lence  p ro f i l e s  are 
p r e d i c t e d  f o r  Kennedy I n t e r n a t i o n a l  A i r p o r t  a t  d i f f e r e n t  times on 
24 June  1975. The morning  and  mid-af ternoon  predict ions are i n  
r easonab ly  good agreement w i t h  wind magnitude and direct ion as 
r e p o r t e d  by t h e  weather o b s e r v e r .   A l t h o u g h   p r e c i s e   p r e d i c t i o n s  
cannot  be  made d u r i n g  t h e  passage  o f  the  thunderstorm which coin-  
c i d e s  w i t h  the time o f  t he  a c c i d e n t ,  a number o f  d i f f e r e n t  p r o f i l e s  
which might e x i s t  u n d e r  o r  i n  t he  v i c i n i t y  of a thunders torm are 
p r e s e n t e d .  The p r o f i l e  that  i s  mos t   p robab le   p red ic t s  a mean head- 
wind shear o f  1 5  m/sec (30  k n o t s )  o v e r  1 0 0  m (300  f t )  a l t i t u d e  
change w i t h  a v e r a g e  f l u c t u a t i o n s  a b o u t  the  mean headwind d is t r ibu-  
t i o n  o f  2 m/sec (4 k n o t s ) .  T h i s  combina t ion   of  means  and  f luctua- 
t i o n s  leads t o  a r e a s o n a b l e  p r o b a b i l i t y  t ha t  t h e  i n s t a n t a n e o u s  
headwind shear would equal t h e  maximum va lue  o f  7 . 2  m/sec ( 1 4  knots) 
i n  2.5 seconds as r e p o r t e d  i n  t h e  a n a l y s i s  o f  t h e  f l i g h t  r e c o r d e r  
data. 
INTRODUCTION 
A t  2005  Greenwich  time  (4:05 p .m. ,  EDT) on 2 4  June  1975, 
E a s t e r n  A i r l i n e s  F l i g h t  66  c r a s h e d  w h i l e  a t t e m p t i n g  t o  l a n d  a t  
Kennedy I n t e r n a t i o n a l  A i r p o r t .  The p u b l i c   h e a r i n g   h e l d   b y  t h e  
Nat iona l  Transpor ta t ion  Safe ty  Board  cons idered  wind  shear t o  b e  
a s i g n i f i c a n t  f a c t o r  i n  t h e  a c c i d e n t .  The purpose  of  t h i s  r e p o r t  
i s  t o  e s t i m a t e  t h e  t y p e  o f  w i n d  a n d  t u r b u l e n c e  d i s t r i b u t i o n s  
which may h a v e  e x i s t e d  a t  t h e  time o f  t he  c r a s h ,  u s i n g  o u r  A . R . A . P .  
mode l  o f  t u rbu lence  in  t he  atmospheric boundary l aye r .  
Details o f  o u r  p l a n e t a r y  b o u n d a r y  l a y e r  (PBL) model are  g iven  
i.n r e f e r e n c e s  1 - 4 .  A r ev iew o f  t he  mode l  a long  wi th  r e s u l t s  o f  
va ry ing  the  pa rame te r s  wh ich  gove rn  the boundary  l aye r  f low i s  
g i v e n  i n  a companion r e p o r t  ( r e f .  5 ) .  The on ly  de t a i l s  o f   o u r  
planetary boundary layer  model  which w i l l  be r e p e a t e d  h e r e  are 
t h o s e  w h i c h  d e a l  d i r e c t l y  w i t h  s p e c i f y i n g  t h e  appropr ia te  boundary  
c o n d i t i o n s  t o  s i m u l a t e  c o n d i t i o n s  p r i o r  t o  t h e  t ime o f  t h e  acc ident .  
Condi t ions  a t  JFK on t h e  a f t e r n o o n  o f  24 June  were s t r o n g l y  a f f e c t e d  
by t h e  passage   o f  a thunders torm.  T h i s  thunderstorm  caused  consid-  
erable u n c e r t a i n t y  as t o  t h e  upper boundary conditions which should 
R 
be applied. to the boundary  layer  program. For this reason, results 
will  be  given  for  several  different  scenarios.  Comparisons  with 
analysis  of  flight  recorder  data are made  to  select  the  most  likely 
conditions  existing  at  the  time. 
ANALYSIS 
Boundary  Conditions 
The current  operational  mode of our  model  is  limited  to  either 
unsteady  one-dimensional  flow or to steady  two-dimensional  flow 
parabolic  in  one  direction.  The  boundary  conditions  called  for  at 
the top  of  the  boundary  layer  are  the  velocity  components  and  the 
potential  temperature  gradient as a  function  of  time. At the 
surface,  the  value  of  the  effective  aerodynamic  roughness zo and 
either  the  surface  temperature or the  surface  heat  flux  are  needed. 
The  location of the  site  at 40.7'N latitude  determines  the  coriolis 
parameter. In addition  to  these  conditions,  it is possible to 
simulate  some  horizontal  spatial  inhomogeneity b applying  pressure 
gradients  which  may  vary  with  vertical  height  to  simulate  thermal 
winds.  Initial  conditions  on  the  variables  are  required  to  com- 
pletely  specify  the  problem. 
The  meteorological  chart  of  the 850 millibar  pressure  (ref. 6) 
level f o r  the  eastern  United  States  for 002 (Greenwich time),  25 
June ( 8 : o o  p.m., EDT, 24  June)  shows  a  spacing  of  approximately 
3 7 0  km between  the 1590 m  contour  and  the 1560 m  contour.  This 
corresponds  to a geostrophic  wind of approximately 
8.6 m/sec 
The  orientation  of  the  contours i such as to  yield  a  wind  direc- 
tion from  approximately  300". The motion  of  the  thunderstorms 
prior  to  the  accident, as observed by radar  from  Atlantic  City, 
indicates  that  the  geostrophic  wind  may  have  been  slightly  stronger 
and  a  little  more  from  the  west  four  hours  earlier.  We  will  use a
value of 10 m/sec from 285'. The  orientation of the  geostrophic 
wind  with  respect  to  Runway  22L,  along  with  the  coordinate  system 
to be used,  is  given  in  figure 1.
The upper  level  potential  temperature  gradient  is  set  equal  to 
0.003'C/m which  appeared on both the 12002, 24 June, and  OOz,  25 
June,  thermodynamic  charts  (ref. 6). Both of these  curves  (see 
2 
Geostrophic 
wind IO m/sec  from 2-85" 
Jamaica Bay 
- 
S c a l e :  0 I 2 Km 
Figure  1. Ske tch  of c o o r d i n a t e  sys t em s h o w i n g   t h e   o r i e n t a t i o n  




f i g .  2 )  a l s o  show a l o c a l  i n v e r s i o n  o f  a p p r o x i m a t e l y  4 O C  ove r  a 
100 m a l t i t u d e  c h a n g e  n e a r  the s u r f a c e .  The morning  curve  shows 
t h i s  occurr ing between approximately 300 and 400 m a l t i t u d e ,  
while t he  evening curve shows i t  occurr ing  be tween approximate ly  
1 and 1 0 0  m a l t i t u d e .  The l o w - l e v e l  s t a b i l i t y  i n h e r e n t  i n  these 
p r o f i l e s  i s  such tha t  the  s u r f a c e  v a l u e  o f  the t empera tu re  may 
r ise  t o  31OC (88OF) as reco rded  by t h e  weather obse rve r  a t  JFK a t  
approximately  18002,  without  making the p r o f i l e  u n s t a b l e .  The 
"sur face"  tempera ture  as recorded by the obse rve r  i s  g i v e n  i n  
Table I. Above 400 m, ' the  a i r  i s  c o n d i t i o n a l l y  u n s t a b l e  s i n c e  i t  
i s  modera te ly  mois t .  
The effect ive  aerodynamic  roughness   zo  f  t h e  s u r f a c e   i n  
t h e  v i c i n i t y  o f  JFK i s  dependent   upon  wind  direct ion.  We w i l l  u se  
two va lues ,   zo  = 0 . 1  m and 0 . 5  m , t o  demonst ra te  the e f f e c t  o f  
t h i s  parameter and t o  b r a c k e t  t h e  expec ted  va lues .  
Correct modeling of t h e  development  of  spat ia l  inhomogenei-  
t i e s  such as t h e  sea b reeze  wou ld  r equ i r e  a two-dimensional 
unsteady  model.  However, par t ia l  s i m u l a t i o n  may be accomplished 
by app ly ing  a p r e s s u r e  g r a d i e n t  w i t h i n  t h e  boundary layer  which 
i s  d i f f e r e n t  f r o m  tha t  which balances t h e  g e o s t r o p h i c  wind a t  t h e  
t o p  o f  the  boundary layer .  We w i l l  do t h i s  t o  s i m u l a t e  t h e  sea 
breeze and the thunderstorm.  
The i n i t i a l  c o n d i t i o n s  f o r  t he  f i r s t  r u n  a re  not  known s i n c e  
no d e t a i l e d  wind   and   t u rbu lence   p ro f i l e s  a re  a v a i l a b l e .  There- 
f o r e ,  we s t a r t  t he  r u n  a t  midnight t h e  n i g h t  b e f o r e  so t h a t  the 
r e s u l t s  f o r  t h e  day i n  q u e s t i o n  are  r e l a t i v e l y  i n s e n s i t i v e  t o  
these i n i t i a l  c o n d i t i o n s .  Later r u n s  are s ta r ted  wi th  i n i t i a l  
c o n d i t i o n s  o b t a i n e d  as p r e d i c t i o n s  f o r  c o n d i t i o n s  a t  s p e c i f i c  
times by o t h e r  r u n s .  
Ambient  Conditions  Without t h e  I n f l u e n c e  o f  t h e  Ocean 
F igures  3 through 6 show t h e  wind p r o f i l e s  o b t a i n e d  by 
running  our  program  (Runs 1 and 2 )  w i th  a s teady  geostrophic  wind 
of  10 m/sec  from 285" w i t h  t h e  s u r f a c e  t e m p e r a t u r e  v a r i a t i o n s  as 
a f u n c t i o n  o f  time g i v e n  i n  T a b l e  I .  Here t h e  wind  components are 
broken up i n t o  t ha t  pa ra l l e l  t o  runway 22L ( u )  i n  f i g u r e s  3 and 5 
and   pe rpend icu la r  t o  t he  runway ( v )   i n   f i g u r e s  4 and 6 .  Thus, u 
i s  from t h e  d i r e c t i o n   o f  31' and v from the  d i r e c t i o n  o f  301O. 
The p r o f i l e s  are  g iven  fo r  two  times, 1 4 0 0 ~  and 18002, and for two 
va lues   o f   zo  . 
The p r o f i l e s  p r e d i c t e d  f o r  1 4 0 0 2  a re  f a i r l y  c o n s i s t e n t  w i t h  
t h e  r eco rded   va lues   o f  5 m/sec ( z  10 knots )   f rom 240O. But the 
a f t e r n o o n  p r o f i l e s  are  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  tha t  r e p o r t e d  
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F i g u r e  2 .  A l t i t u d e   p r o f i l e  o f  p o t e n t i a l   t e m p e r a t u r e   d i s t r i b u t i o n  
a t  1 2 0 0 2  on 24 June  and  O O O O z  on 25 June  
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TABLE I 
TEMPERATURES AND WINDS OBSERVED AT JFK ON 24 JUNE 1975 (REF. 6 )  
Wind 
Time ,  Speed, D i rec t ion ,  T e m p e r a t u r e ,  Dew P o i n t ,  
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Figure 3. Altitude  profile  of  mean  wind  (u)  parallel  to  the 
runway at 14002 as  predicted by the  model f o r  
zo  = 0.5 m (Run 1) and zo = 0.1 m (Run 2); positive 
u is  from 31° 
7 
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Figure 4 .  Profile of mean  wind (v) perpendicular  to  the  runway 
at 1400~ as predicted by the  model for z o  = 0.5m 










Figure  5. P r o f i l e  of mean wind ( u )  a t  18002 as p r e d i c t e d  by t h e  
model for no thermal wind g r a d i e n t s   a n d  f o r  z o = 0 . 5  m 
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Figure  6 .  P r o f i l e   o f  mean wind  (v)  a t  18002 as  p r e d i c t e d  by t he  
model for no thermal wind g r a d i e n t s  and for zo = 0 . 5  m 
(Run 1) and z o  = 0 . 1  m (Run 2 ) ;  p o s i t i v e  v from 301' 
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Ambient Conditions With the  I n f l u e n c e  o f  the Ocean 
The ocean  su r face  temperature was c o n s i d e r a b l y  c o l d e r  t h a n  
t h e  l and  su r face  t empera tu re  on  24  June ,  so  i t  i s  n a t u r a l  t o  
expect  a sea b r e e z e  t o  d e v e l o p .  The e f f e c t  c a n  be  approximately 
s imula t ed  by app ly ing  a v e r t i c a l  g r a d i e n t  i n  the geos t roph ic  
v e l o c i t y   d u e   t o   t h e   h o r i z o n t a l  thermal g r a d i e n t s   ( r e f .  7 ) .  There 
i s  very  l i t t l e  t h e r m a l  g r a d i e n t  a p p a r e n t  o n  t h e  850 millibar 
c h a r t .  However, t h e  sur face   t empera ture   o f  t h e  ocean was approxi -  
m a t e l y  10°C less t h a n  t h e  a f t e r n o o n  v a l u e  f o r  t he  a i r  over  t h e  
l a n d .  It t h u s  ' a p p e a r s  t h a t  t h e  h o r i z o n t a l  t e m p e r a t u r e  g r a d i e n t  
should be l imi t ed  t o  the  boundary  layer .  
To s i m u l a t e  th is  sea b r e e z e  c o n d i t i o n ,  we w i l l  assume a f e t c h  
of  approximately 100  times t h e  boundary layer  t h i c k n e s s  i s  
r e q u i r e d  f o r  t h e  coas t a l   boundary  layer .  This  g i v e s  a d i s t a n c e   o f  
50 k m  over   which   to   spread  t h e  thermal g r a d i e n t .  Also ,  S ince  we 
wish t o  a p p l y  a c o n s t a n t  t e m p e r a t u r e  g r a d i e n t ,  we w i l l  take 5 O  as 
the  ave rage  d i f f e rence  be tween  t h e  t e m p e r a t u r e  i n  t h e  marine 
boundary layer  and tha t  ove r  t h e  l and .  T h i s  y i e l d s  a h o r i z o n t a l  
thermal g r a d i e n t  e q u a l  t o  1 0 ' 4 0 C / m  below 500 m. This   t empera ture  
g r a d i e n t  i s  assumed t o  be d i r e c t e d  f r o m  120'. 
F igu res  7 and 8 g i v e  t he  v e l o c i t y  p r o f i l e s  o b t a i n e d  a t  18002 
for Runs 3 and 4. The speed   and   d i rec t ion  a t  50 ,m a r e  q u i t e  c l o s e  t o  
t ha t  r e p o r t e d  by the  obse rve r  a t  17512. He r e p o r t e d  6 m/sec  from 
180O. The boundary   l ayer  i s  r e l a t i v e l y  t h i n ,  c o n s i s t e n t  w i th  the  
s l i g h t l y  s t a b l e  c o n d i t i o n s  e x i s t i n g  a t  t h e  t ime. 
F igu res  9 and 1 0  g i v e  t h e  v e l o c i t y  p r o f i l e s  p r e d i c t e d  a t  
20002 i f  t h e  sea b r e e z e  thermal i s  a l l o w e d  t o  a c t  u n i n t e r r u p t e d  
u n t i l  t h a t  time. This  i s  q u i t e   d i f f e r e n t   f r o m  the  v e l o c i t i e s  
observed a t  t ha t  time. Over a 15-minute   in te rva l   beginning  9 
minu tes  be fo re  the  hour ,  t h e  obse rve r  r epor t ed  winds  of 2 t o  3.5 
m/sec, f irst  from 300°, then  f rom 210° and  from 100'. The wind 
f i e l d  i s  h i g h l y  i n f l u e n c e d  b y  t h e  thunderstorm a t  this  p o i n t .  
In f luepce  o f  t h e  Thunderstorm 
The detai led s t r u c t u r e  of t h e  tu rbu lence  and  wind  p ro f i l e  
w i t h i n  a thunders torm i s  beyond t h e  scope of  the  present  one-  
dimensional  program.  However, we can  approximate the  i n f l u e n c e  
t h e  thunderstorm i s  exp,ected to  have  on  the atmospheric boundary 
layer .  A thunders torm i s  u s u a l l y  composed o f   s e v e r a l   c o n v e c t i v e  
c e l l s  d r i v e n  by condensat ion  and  evaporatfon.   Updraf ts  are  
d r i v e n  by t h e  release of  energy as water condenses out of the  
r i s i n g  m o i s t  a i r .  Concurrent   downdraf ts  are  d r i v e n  by t h e  evapo- 
r a t i v e  c o o l i n g  o f  r a i n  f a l l i n g  t h r o u g h  u n s a t u r a t e d . a i r .  A t  low 
l e v e l s ,  d o p p l e r  radar shows t h a t  downdraf t s  predominate  in  a 
t y p i c a l  c o n v e c t i v e  s t o r m  ( r e f .  8 ) .  
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Figure 7. Profile of mean  wind ( u )  at 18002  as  predicted by the 
model for a  thermal  gradient  simulating  a  sea  breeze 
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Figure 8. Profile  of  mean  wind ( v )  at 1 8 0 0 2  as  predicted by the 
model  for  a  thermal  gradient  simulating  a  sea  breeze 
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Figure 9 .  Profile of mean  wind  (u)  at  20002 as predicted  by  the 
model  for a thermal  gradient  simulating a sea  breeze 
condition; zo = 0.5 rn (Run 3) and zo = 0.1 m (Run 4 )  
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Figure 10. Profile  of  mean  wind ( v )  at 20002 as  predicted by the 
model f o r  a thermal  gradient  simulating  a  sea  breeze 
condition;  zo = 0.5 m  (Run 3) and zo ='0.1 m  (Run 4 )  
The l o w e r  l e v e l  a i r  i n  the  s torm may be coo led  t o  t h e  ambient 
dew p o i n t  as r a i n  p a s s e s  t h r o u g h  i t .  A t  19002,  t h e  dew p o i n t  
t empera tu re  was r e p o r t e d  t o  be  5°C below t h e  ambient  tempera ture .  
If t h i s  t e m p e r a t u r e  d i f f e r e n c e  o c c u r s  o v e r  a d i s t a n c e  o f  a p p r o x i -  
m a t e l y  1 0  km, t h e n  i t  y i e l d s  a h o r i z o n t a l  t e m p e r a t u r e  g r a d i e n t  o f  
approximate ly  5 X "C/m. By d i f f e r e n t   c o m b i n a t i o n s   o f  t h e  
p r e s s u r e  g r a d i e n t s  r e s u l t i n g  f r o m  the' t empera tu re  g rad ien t  and  
t h a t  r e s u l t i n g  f r o m  the  t u r n i n g  o f  t h e  downdraft  a t  t h e  s u r f a c e ,  
it i s  p o s s i b l e  t o  p a r t i a l l y  s i m u l a t e  t h e  i n f l u e n c e  o f  t h e  s t o r m  o n  
t h e  boundary  layer .  
F i g u r e s  11 and 1 2  show the v e l o c i t y  p r o f i l e s  r e s u l t i n g  f r o m  
a p p l y i n g  a t e m p e r a t u r e   g r a d i e n t   o f  5 X OC/m from 30" f o r  45 
minutes ,  cor responding  t o  the  s t o r m  p a s s i n g  t o  the n o r t h  o f  the  
a i r p o r t .  Our ear ly  a n a l y s i s  o f  t h e  radar p i c t u r e  a t  19322  from 
A t l a n t i c  C i t y  i n d i c a t e d  t ha t  t h i s  might be  a l i k e l y  s c e n a r i o .  
The u v e l o c i t y  p r o f i l e  i n  f i g u r e  11 r e p r e s e n t s  t h e  v e l o c i t y  
behind a l o c a l   s t o r m   g u s t   f r o n t .   S i n c e   t h e   v e l o c i t y   g r a d i e n t s  
w i t h i n  t h i s  f r o n t  may be expected t o  be o f  t h e  same o r d e r  i n  b o t h  
the v e r t i c a l  a n d  h o r i z o n t a l  d i r e c t i o n s ,  i t  appears t h a t  t h e  t r a n s -  
i t i o n  f r o m  p r o f i l e s  l i k e  t ha t  g i v e n  i n  f i g u r e  9 t o  that  i n  f i g u r e  
11 would  occur  over a d i s t ance  o f  approx ima te ly  1 km ( i . e . ,  i n  
a p p r o x i m a t e l y  1 5  s e c o n d s  f o r  a n  a i r c r a f t  t r a v e l i n g  a t  72  m/sec 
( 1 4 0  k n o t s ) ) .  A t  100 t o  200  m a l t i t u d e ,  t h i s  would r e s u l t  i n  t he  
a i r c r a f t  p a s s i n g  t h r o u g h  a s t r o n g  wind shear varying from approx-  
imately 1 0  m/sec t a i l w i n d  t o  a 1 0  m/sec  headwind ( i . e . ,  a p p r o x i -  
m a t e l y  20  m/sec  wind s h i f t ) .  
Th i s  s t r o n g  shear c o u l d  c a u s e  s e r i o u s  d i f f i c u l t y  f o r  a 
l a n d i n g  a i r c r a f t .  However, these were no t  t he  c o n d i t i o n s   p r e v a i l -  
i n g  a t  t h e  time F l i g h t  66 was landing.   Comparison  of  t he  radar 
p i c t u r e s  f r o m  A t l a n t i c  C i t y  shows t h a t  th ree  i n d i v i d u a l  s t o r m s  
which were i n  t h e  v i c i n i t y  o f  JFK a t  19322 have merged as t h e y  
moved sou theas t ,  and  they  appea r  as one  cont inuous  s torm on  the  
p i c t u r e   t a k e n  a t  20022  ( reproduced  as f i g .  13 ) .   Thus ,  JFK i s  
in f luenced  as much or more  by t h e  s torm developing overhead as it 
i s  by a pass ing   s to rm.  A t  20052, t h e  time o f   t h e   c r a s h ,  the  
s t o r m  a p p e a r s  t o  be d i r e c t l y  o v e r  the  a p p r o a c h  t o  runway 22L.  
I n  a n  a t t e m p t  t o  s i m u l a t e  t h i s ,  we have  app l i ed  t h e  p r e s s u r e  
g r a d i e n t  shown i n  f i g u r e  1 4  t o  t h e  p r o f i l e s  o b t a i n e d  f r o m  Run 3 a t  
19452. T h i s  i s  the  t y p e   o f   p r e s s u r e   g r a d i e n t  t ha t  may r e s u l t  f r o m  
t h e  combina t ion  of  the  downdraf t  s tagnat ion  a t  t h e  s u r f a c e  a c t i n g  
t o  a c c e l e r a t e  t h e  boundary layer and t h e  thermal g r a d i e n t  i n  t h e  
edges o f  t h e  s t o r m ,  f o r c i n g  s t r o n g  v e r t i c a l  c h a n g e s  i n  t h e  p r e s s u r e  
g r a d i e n t .  The value of  a2p/pazax below 150 m o f  . 0 0 0 2 ( ~ e c ' ~ )  c o r r e s -  
ponds t o  r o u g h l y  a ho r i zon ta l  t empera tu re  change  o f  5OC i n  1 km. 
The maximum value of  ap/pax = 0 . 2  m/sec cor responds  to imposing a 
downdraf t  of  approximately 5 m/sec and approximately 500 m wid th .  
The v e l o c i t y  p r o f i l e s  r e s u l t i n g  f r o m  r u n n i n g  w i t h  t h i s  p r e s s u r e  
















'igure 11. Profile of mean  wind  (u) at 2 O O O z  as  predicted by the 
model  for a thermal  gradient  simulating a  storm 









Figure 12. Profile  of  mean  wind ( v )  at 2 0 0 0 2  as predicted by the 
model  for  a  thermal  gradient  simulating  a  storm 
passing t o  the  north of the airport; zo = 0 . 5  m (Run 5) 
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Figure 14. Profile of assumed storm pressure  gradients  (solid 
line is used for Runs 6, 7, and 8; dashed  line  is 





Figure  15 .  P r o f i l e  of mean wind (u) a t  20002 as p r e d i c t e d  by the  
model w i t h  t he  p r e s s u r e  g r a d i e n t  s e t  t o  s i m u l a t e  a 




















Figure 16. Profile of mean  wind (v) at 20002 as predicted by the 
model  with  the  pressure  gradient  set to simulate  a 
storm  overhead; zo = 0.5 m (Run 6) 
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The c o r r e s p o n d i n g  p r o f i l e s  f o r  the average  va lue  of  the  f l u c t u a -  
t i n g  v e l o c i t i e s  i n  b o t h  t he  v e r t i c a l  d i r e c t i o n  a n d  i n  t h e  d i r e c -  
t i o n  o f  the runway are  shown i n  f i g u r e  1 7 .  It should be noted  
that  these are average  r m s  v a l u e s  o f  t h e  f l u c t u a t i n g  v a l u e s .  Peak 
g u s t  v e l o c i t i e s  w o u l d ,  o f  c o u r s e ,  b e  h i g h e r .  Based on the  exami- 
n a t i o n  o f  a number o f  r e c o r d s  o f  a i r c r a f t  e n c o u n t e r i n g  s e v e r e  
t u r b u l e n c e ,  H o u b o l t  ( r e f .  9 )  estimates that  t h e  average   va lue   o f  
the  maximum g u s t  v a l u e  w i l l  b e  i n  t h e  range  of  4 t o  5 times t h e  
r m s  v a l u e .  
To s i m u l a t e  t h e  f a c t  t h a t  t he  s torm i s  overhead,  it i s  a l s o  
n e c e s s a r y  t o  c h a n g e  the  uppe r  l eve l  t empera tu re  g rad ien t  boundary  
cond i t ion  f rom the  p r e v i o u s l y  he ld  s tab le  va lue  o f  +0.003°C/m t o  
a n  u n s t a b l e  v a l u e  less t h a n  0 .  The turbulence   g rowth  r a t e s  
gene ra t ed  benea th  t he  s torm are  s e n s i t i v e  t o  t h e  v a l u e  of th is  
i n s t a b i l i t y .  The p r o f i l e s  o f  f i g u r e s  15 ,  1 6 ,  and 17 (Run 6 )  are 
r u n  wi th  t h e  t e m p e r a t u r e  p r o f i l e  i n i t i a l l y  t a k e n  f r o m  Run 3 below 
570 m and a g r a d i e n t  o f  - O . O O l ° C / m  above this t o  s i m u l a t e  the  
i n s t a b i l i t y   g e n e r a t e d  by condensa t ion .  The s e n s i t i v i t y   t o  thermal 
c o n d i t i o n s  i s  demonstrated by  r e p e a t i n g  t h i s  r u n  wi th  only  t h e  
i n i t i a l   p o t e n t i a l   t e m p e r a t u r e   d i s t r i b u t i o n  a l t e r ed .  F igu res  18 
through 2 0  (Runs 7 ,  8 )  show t h e  r e s u l t s  o f  s t a r t i n g  w i t h  tempera- 
tu re  cons t an t  be low 1 k m  and  then  dec reas ing  a t  t h e  r a t e  of 
- O . O O l ° C / m  above t h i s  a l t i t u d e .  The l o c a l   s t a b l e   t e m p e r a t u r e  
g r a d i e n t s ,  a l t h o u g h  e x i s t i n g  o n l y  t e m p o r a r i l y ,  are s u f f i c i e n t  t o  
a l l o w  s t r o n g e r  shear t o  d e v e l o p  i n  Run 6 .  
S e n s i t i v i t y  t o  t he  assumed pressure  grad ien t  i s  demonstrated 
i n  f i g u r e s  2 1  through 23 (Run 9 )  where  thermal  boundary  condi t ions  
a r e  t he  same as i n  f i g u r e s  1 5  and 16 (Run 6 )  b u t  t he  p r e s s u r e  
g r a d i e n t   s i m u l a t i n g   t h e   d o w n d r a f t  has been  removed. The same 
va lue  o f  t he rma l  wind  g rad ien t  i s  a p p l i e d  below 500 m, b u t  i n  the 
o p p o s i t e  d i r e c t i o n ,  t o  g i v e  t h e  p r e s s u r e  g r a d i e n t  v a r i a t i o n  shown 
i n  f i g u r e  1 4 .  A s  s een  by compar i son   o f   f i gu res  15 through 17 w i t h  
f i g u r e s  2 1  th rough 23 ,  bo th  runs  produce  about  the  same maximum 
u v e l o c i t y  b u t ,  s i n c e  t h e  l a t t e r  c o n d i t i o n   c a u s e s  t h i s  t o  o c c u r  
a t  a l o w e r  a l t i t u d e ,  i t  leads t o  less mean wind shear. 
ESTIMATES OF C O N D I T I O N S  AT 20052 
The airspeed time h i s t o r y  f o r  f l i g h t  66 ,  as obta ined  f rom the  
recovered  f l i g h t  r e c o r d e r ,  i s  shown i n  f i g u r e  2 4 .  Two estimates 
of  the h o r i z o n t a l  w i n d  p r o f i l e s  as s u p p l i e d  by  NTSB ( r e f s .  6 and 
1 0 )  are shown i n  f i g u r e  25. The two sets o f   cu rves   r ep resen t  data 
r e d u c t i o n  w i t h  d i f f e r e n t  a s s u m p t i o n s  r e g a r d i n g  e n g i n e  power s e t t i n g  
a n d   t h e ' d i s t r i b u t i o n   b e t w e e n   h e a d w i n d s   a n d   u p d r a f t s .  The s o l i d  
cu rve  a s sumes  eng ine  th rus t  o f  39% down t o  a n  a l t i t u d e  o f  4 0  m, 
fol lowed by 58% t h r u s t  t o  i m p a c t .  The dashed curve  i s  the r e s u l t  
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RMS velocity  f luctuations, m/sec 
P r o f i l e  o f  t h e  rms v a l u e s  o f  t h e  v e r t i c a l  a n d  head- 
wind v e l o c i t y  f l u c t u a t i o n s  a t  20002  as p r e d i c t e d  b y  
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Figure  18.  P r o f i l e  of  mean wind ( u )  a t  ZOOOz as p r e d i c t e d  by 
Run 7 ( z o  = 0.5  m )  and Run 8 ( z o  = 0 . 1  m) u s i n g  the  
same p r e s s u r e  g r a d i e n t  as Run 6 b u t  d i f f e r e n t  
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Figure  1 9 .  P r o f i l e  o f  mean wind ( v )  a t  20002  as p red ic t ed   by  
Run 7 ( z o  = 0.5  m )  and Run 8 ( z o  = 0 . 1  m) u s i n g  t h e  
same p r e s s u r e  g r a d i e n t  as Run 6 b u t  d i f f e r e n t  
s t a b i l i t y  c o n d i t i o n s  
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fluctuations, m /sec  
F i g u r e  20 .  P r o f i l e  of  t h e  Yms v a l u e s  o f  t h e  v e r t i c a l  a n d  head- 
w i n d  v e l o c i t y  f l u c t u a t i o n s  a t  20002 as p r e d i c t e d  
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Figure  2 1 .  P r o f i l e  o f  mean wind ( u )  at 20002 as  p r e d i c t e d  b y  
Run 9 u s i n g  t h e  dashed p r e s s u r e  g r a d i e n t  i n  f i g u r e  1 4  


















F i g u r e  22 .  P r o f i l e  o f  mean wind ( v )  a t  20002 as p r e d i c t e d  by 
Run 9 u s i n g  t h e  dashed p r e s s u r e  g r a d i e n t  i n  f i g u r e  1 4  
and the  same s t a b i l i t y  c o n d i t i o n s  as Run 6 
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Figure 23. Profile of the rms values of the  vertical (w'w') 1/2 
and headwind (u'u' velocity fluctuations at 
20002 as predicted by Run 9 
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Figure  25. Es t imates  o f  h o r i z o n t a l   a n d   v e r t i c a l  
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Vertical  wind,  m/sec 
wind p r o f i l e s  from Boeing a n a l y s i s  - 
of  f l i g h t  r e c o r d e r  d a t a  ( r e f s .  6 and 1 0 )  
of combining EAL 66 data w i t h  t ha t  o f  EAL 902 which had t r i e d  t o  
l a n d  j u s t  p r i o r  t o  t h e  c r a s h .  T h i s  l a t t e r  set  o f  data has been 
u s e d  i n  t h e  s i m u l a t o r  s t u d i e s  o f  t he  acc iden t  and  i s  probably  a 
b e t t e r  estimate of  t h e  cond i t ions  encoun te red  a long  t h e  f l i g h t  
p a t h .  The v e r t i c a l  wind p r o f i l e s  c o n s i s t e n t  w i t h  these assump- 
t i o n s  are  a l s o  shown. These combinat ions are no t   un ique   s ince  
o t h e r  p r o f i l e s  are p o s s i b l e  w h i c h  s a t i s f y  a l l  t h e  known c o n d i t i o n s  
from the f l i g h t  r e c o r d e r .  
The v e l o c i t y  p r o f i l e s  J b t a i n e d  f r o m  Run 6 ( f i g s .  15-17) appear  
t o  be the  most c o n s i s t e n t  w i t h  t he  f l i g h t  r e c o r d e r  data. Noting 
tha t  f l u c t u a t i o n s  o f  as much as 4 times t h e  rms v a l u e s  o f  f i g u r e  
1 7  may be added t o  t h e  mean  wind p r o f i l e  o f  f i g u r e  15, the  maximum 
h o r i z o n t a l  wind shear appa ren t ly  encoun te red ,  as s e e n  i n  f i g u r e  
25, i s  wel l  w i t h i n  t h e  v a l u e s  p r e d i c t e d .  The t u r b u l e n c e  macro- 
s c a l e  ( A )  p r e d i c t e d  f o r  t h e  same c o n d i t i o n s  (Run 6 )  as t h o s e  o f  
f i g u r e s  1 5  through 1 7  a r e  shown i n  f i g u r e  26 .  T h i s  s c a l e  i s  pro-  
p o r t i o n a l  t o  t h e  i n t e g r a l  s c a l e  b u t  may be m o s t  p r e c i s e l y  d e f i n e d  
as 0 .35  times ( t u r b u l e n t  k i n e t i c  e n e r g y ) 3 ’ 2 / ( d i s s i p a t i o n  r a t e  of 
t u r b u l e n t   k i n e t i c   e n e r g y ) .   U n f o r t u n a t e l y ,   o u r   o n e - d i m e n s i o n a l  
unsteady program can give no in fo rma t ion  on  the  average downdraf t  
p r o f i l e ;  o n l y  v e r t i c a l  f l u c t u a t i o n s  may b e  p r e d i c t e d .  
I n  o r d e r  t o  show how the  downdra f t  may a l t e r  t h e  d i s t r i b u t i o n ,  
w e  have made one run w i t h  o u r  new two-dimensional,  unsteady 
program  which i s  now under   deve lopment   for  t h e  Navy. For purposes  
of t h i s  c a l c u l a t i o n ,  t h e  i n i t i a l  c o n d i t i o n s  o n  t h e  wind  and  turbu- 
l e n c e  f i e l d s  a r e  t a k e n  as the  ou tpu t  on  the  one -d imens iona l ,  
u n s t e a d y  p r o g r a m  f o r  1 9 4 5 ~  o f  Run 3. The upper  wind  boundary 
c o n d i t i o n  a t  1 km i s  he ld  f i x e d  a t  t h e  assumed geostrophic  condi-  
t i o n s  o f  1 0  m/sec  from 285O. A n e u t r a l  t e m p e r a t u r e  d i s t r i b u t i o n  
i s  assumed f o r  t h i s  r u n .  T h i s  i s  a somewhat u n c e r t a i n   c o n d i t i o n  
s i n c e  t h e  s t a b i l i t y  c o n d i t i o n s  may be expected to change  r ap id ly  
w i t h  t he  development   o f   the   s torm.  The in f low  boundary   cond i t ions  
are  held f i x e d  i n  t i m e ,  wh i l e  a p r e s s u r e  d i s t r i b u t i o n  s i m u l a t i n g  a 
downdraft  i s  imposed  upon t h e  boundary   l ayer  as a f u n c t i o n  x , 
z ,   and  t . The p r e s s u r e   d i s t r i b u t i o n  wi th  a l t i t u d e  i s  propor-  
t i o n a l  t 2  that  u s e d   i n  Run 6 ( f i g .  14), while t he  x d i s t r i b u t i o n  
s i m u l a t e s  a downdraf t   approximately 1 km wide. The t i m e  v a r i a t i o n  
i s  such as t o  a l l o w  the f u l l  p r e s s u r e  g r a d i e n t  t o  b u i l d  as a 
q u a r t e r  s i n e  wave over  5 minu tes   s imu la t ed  time. The r e s u l t i n g  
mean wind  con tour s  in  a p l a n e  p a r a l l e l  t o  t h e  runway are  shown i n  
f i g u r e  27 .  It should  be noted  that  i n  c e r t a i n  r e g i o n s  o f  the  flow 
t h e  h o r i z o n t a l   g r a d i e n t s   i n  u a r e   o f  t h e  same o r d e r  as the 
v e r t i c a l  g r a d i e n t s .  An a i r c r a f t  p a s s i n g  t h r o u g h  t h i s  on t h e  3’ 
g l i d e  s l o p e  i n d i c a t e d  by t h e  dashed l i n e  would experience t h e  
h o r i z o n t a l  a n d  v e r t i c a l  v e l o c i t y  p r o f i l e s  shown o n  f i g u r e s  28 and 29 .  
I n  t h e s e  f i g u r e s ,  t h e  bars r e p r e s e n t  t h e  average  root-mean-square 
f l u c t u a t i o n s   a b o u t  t h e  mean d i s t r i b u t i o n .  The most s i g n i f i c a n t  
change from f igures  15 and 17 i s  t h e  r e d u c t i o n  i n  a l t i t u d e  o f  t he  
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Figure 26. Profile  of  turbulence  macroscale v a r i a t i o n  for 
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Figure 27. Contours of constant values  of  the  mean  wind component u  as  predicted 
(Run 10) by a  two-dimensional unsteady simulation  of  a downdraft imposed 
upon  the  boundary  layer  (dashed  line  indicates  a  possible 3’ flight path 







- I6 -14 -12 -10 - 8  - 6  - 4  - 2  0 2 
Velocity,  m/sec 
Figure 28. Possible  u  components  of  the  wind  encountered  along  flight  trajectory 
(shown on fig. 27) with  the  bars  denoting  rms  values  of  fluctuations 
about  the  mean  value 
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Figure  29 .  P o s s i b l e  v e r t i c a l  component  of  the  wind  encountered 
a long  f l i g h t  t r a j e c t o r y  (shown  on f i g . 2 7 )  w i t h  the bars 
deno t ing  rms v a l u e s  of  f l u c t u a t i o n s  a b o u t  t he  mean 
va lue  
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The horizontal  wind  shear  predicted in this  figure  is of the  same 
order as that in figure 25, while the strength of the  downdraft is 
less. The present  stage of development  of our two-dimensional, 
unsteady,planetary  boundary  layer  program does not  permit  accurate 
calculations when the mean  vertical  velocity  becomes a large as 
the mean  horizontal  velocity.  This  has  prevented us from attemp- 
ting to  simulate  stronger  downdrafts  which  may  have  occurred. 
Also  it  must  be  remembered  that the program  predicts  average 
values of the  fluctuation,  while  the  aircraft  observes  instantan- 
eous  values  which  may  be as much as 4 times  higher  than the rms 
values  predicted in figures 28  and  29. 
CONCLUDING  REMARKS 
We  have  shown  the  types  of  velocity  distributions  which are 
compatible  with  the known meteorological  conditions  in the vicinity 
of  Kennedy  International  Airport on 24 June 1975. Table I1 
summarizes  the  input  conditions  for the different runs made  and 
provides  a  key to the  figures  illustrating  the  resulting  predicted 
velocity  profiles.  The  velocities  are  seen t o  be  sensitive to 
both  horizontal  and  vertical  temperature  gradients  while  not 
strongly  affected by surface  roughness.  Run 6 represents  the  one- 
dimensional,  unsteady run which  we  believe  is  closest to the 
conditions at t h e  time  of  the  crash. The two-dimensional,  un- 
steady run demonstrates  the  influence  a  downdraft  would  have on 
reducing  the  altitude  at  which  peak  velocities  occur. 
The  model  results  show  that  a  wind  shear  of  the  order  of 
15 m/sec (30 knots)  over  a 100 m (300 ft)  altitude  change is quite 
consistent  with the known meteorological  conditions  at the time  of 
the crash. 
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